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Abstract: Carbon dioxide (CO2) as one of the main factors driving climate change is known to
increase grapevine growth and yield and could, therefore, have an impact on the fruit quality of vines.
This study reports the effects of elevated CO2 (eCO2) on berry development and bunch structure of two
grapevine cultivars (Vitis vinifera L. cvs. Riesling and Cabernet Sauvignon) within the VineyardFACE
(Free-Air Carbon Dioxide enrichment) experiment, using must analysis and non-invasive fluorescence
sensor technology. Berry development was examined on five dates over three consecutive years by
analyzing total soluble solids (TSS), pH, total acidity, organic acids, nutrition status, and non-invasive
Multiplex measurements. Before harvest, secondary bunches were collected to examine bunch and
berry parameters. Results showed that eCO2 had little impact on berry composition of Riesling and
Cabernet Sauvignon during berry development, which could be related to bunch structure or single
berry weight within single seasons. Elevated CO2 (eCO2) did not result in modified TSS accumulation
during ripening but was directly related to the chlorophyll index SFR_R. Higher single berry weights
(SBW), higher malic acid (MA), and lower tartaric acid (TAA) were examined at some stages during
development of berries under eCO2 levels. Our study provides evidence that eCO2 did alter some
bunch and berry parameters without a negative impact on fruit quality.
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1. Introduction

As the atmospheric carbon dioxide (CO2) concentration is predicted to increase 1.5–3 ppm per
year, an increase of 20% by the mid-21st century is expected [1]. Its role as one of the most relevant
greenhouse gases and the close link toward an increase in global mean surface temperature lead
to predictions of higher evapotranspiration and increasing risk of drought events. CO2 enrichment
increases photosynthesis and, therefore, growth and yield of perennial plants. Within grapevines,
this was already shown by various authors using different CO2 enrichment techniques such as open
top chambers [2–5], Mini-FACE (Free-Air Carbon Dioxide enrichment) [6–8], or the recently reported
VineyardFACE system [9,10]. In addition to open field studies on grapevines, CO2 enriched experiments
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in greenhouses were also conducted [11–13]. Even though the effect of eCO2 on grapevines was studied
over the last few decades, the effect on fruit structure and grape quality is not sufficiently investigated.

In a recent VineyardFACE study, eCO2 did not alter bunch number per vine but increased yield,
bunch weight, and berry number for cvs. Riesling and Cabernet Sauvignon, and it resulted in higher
bunch compactness for Cabernet Sauvignon [9]. Moutinho-Pereira [3] also affirmed increased cluster
weights in one of three experimental years for cv. Touriga Franca under eCO2, whereas Bindi et al. [6]
reported an increased berry fresh weight for cv. Sangiovese. However, berry size was discussed to
be related to berry and wine quality [14–21]. Hence, the quality of grapes grown under eCO2 might
be affected.

In other perennial fruit crops like pears and sour oranges, enhanced fruit weight, volume, and
diameter were detected under eCO2 [22–24]. Soluble solids content of pears was also increased under
eCO2, but the effect depended on growth stages of the fruit [22,23]. Studies on annual crops under eCO2

concentrations showed increased fruit yield and berry size of strawberries and raspberries [25–27],
while, in strawberries, sugar content and aroma compounds were increased, and the organic acid
content was decreased [26]. This shows that eCO2 could positively affect fruit structure and fruit
quality of several special crops.

Whether increasing CO2 concentration may not have negative effects on grape composition was
discussed, but little [2,7,28]. Only the anthocyanin concentration of red grape varieties grown under
arid climatic conditions was described to possibly increase with increasing CO2 concentration [7,28,29].
By comparing compositional variation in the context of abiotic parameters of 10 successive vintages in
multiple Australian regions, a relationship between the annual CO2 increase and total anthocyanin
concentration was reported [28]. In cv. Shiraz, Edwards et al. [5] showed that eCO2 treatment was
advanced in phenological development and, therefore, in total soluble solids accumulation with an
increasing effect over seasons. Acid and sugar concentrations of cv. Sangiovese were affected by eCO2,
even though results did not show a consistent response over the ripening period [7]. Gonçalves et al. [2]
detected higher pH and fructose concentration in berries of cv. Touriga Franca at the beginning of
grape maturation in the first season and higher total acidity in grape juice in the second season under
eCO2. So far, no continuous response in the composition of berries or must of different grape varieties
grown under eCO2 concentration over a longer period is described.

Therefore, the main objective of this study was to examine the effect of eCO2 within the
VineyardFACE experiment on berry development and bunch structure of two grapevine cultivars
(Vitis vinifera L. cvs. Riesling and Cabernet Sauvignon) over three consecutive years by using standard
must analysis and non-invasive fluorescence sensor technology on berries.

2. Materials and Methods

2.1. Field Site, Experimental Design and Plant Material

The study was conducted at the VineyardFACE experimental site (49◦59′ N, 7◦57′ E) of Hochschule
Geisenheim University in Geisenheim, Rheingau, Germany. The VineyardFACE was established
as a ring system with six rings and a total area of 0.5 hectares. Vines were trained into a vertical
shoot positioning system (VSP) and canes were pruned to five nodes per square meter. Rows
were north–south-orientated, while vine spacing was 0.9 m within rows and 1.8 m between rows.
Two cultivars were used, Vitis vinifera L. cv. Riesling (clone 198–30 Gm) grafted on rootstock SO4 (clone
47 Gm) and L. cv. Cabernet Sauvignon (clone 170) grafted on rootstock 161–49 Couderc.

The VineyardFACE experiment was set up with two CO2 treatments, ambient (aCO2, 400 ppm)
and elevated (eCO2, +20% of the aCO2 treatment), which were replicated as three rings. Each ring
consisted of seven rows, which were planted alternately with Riesling and Cabernet Sauvignon. Since
2014, vines were fumigated with eCO2 from sunrise to sunset over the three years of experiment. Only
the three inner rows of each ring were used for data collection with n = 15 vines per ring of Riesling
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and n = 16 vines of Cabernet Sauvignon. A detailed description of the VineyardFACE experiment and
the CO2 distribution was presented previously [9].

2.2. Weather Conditions

The climate conditions in Geisenheim are characterized by a temperate oceanic climate with mild
winters and warm summers represented by an average annual air temperature of 10.5 ◦C (long-term
average from 1981–2010) and a mean annual rainfall of 543 mm.

Weather data were recorded from a weather station located at the VineyardFACE site. Precipitation,
daily mean air temperatures, and number of heat days (>30 ◦C) for the growing seasons 2014, 2015,
and 2016 are shown in Table 1. The driest year was 2015, showing the lowest precipitation and highest
number of heat days.

Table 1. Climatic data for Geisenheim, Rheingau, Germany for growing seasons 2014 to 2016,
1 April–31 October.

Vegetation Period Mean Daily Max.
Temperature (◦C)

Mean Daily Min.
Temperature (◦C)

No. of Heat
Days (>30 ◦C)

Precipitation
(mm)

2014 21.6 11.3 10 441
2015 21.5 10.5 26 227
2016 21.5 10.5 17 371

2.3. Berry Development Sampling

To analyze must quality parameters, berries were collected with a starting point around veraison
(mid-August) to harvest date five times per year. From each variety, 30 representative berries were
collected biweekly (15 west side, 15 east side) of the three inner rows to get 3 × 30 berries per FACE
ring. After sampling, berries were weighted determining average single berry weight by dividing the
bulk weight by the number of berries. Berry samples were stored in the fridge at 4 ◦C overnight and
were analyzed the morning after.

2.4. Berry Analysis

Non-invasive measurements of 19 berries per 30 berries were conducted in the lab directly after
berry sampling by using a hand-held optical sensor based on chlorophyll fluorescence (Multiplex
Research®, Force-A, Orsay, France) as described previously [30,31]. The spectroscopic index SFR_R
(simple fluorescence ratio after red excitation) as a chlorophyll index was calculated according to
Ghozlen et al. [30]. The SFR_R index was related to total soluble solids (TSS).

Juice of berry samples was obtained using a pressure-controlled sampling press at 1 bar (Longarone
85, QS System GmbH, Norderstedt, Germany). Must was collected in 50 mL tubes and centrifuged
(5430R, Eppendorf AG, Hamburg, Germany) at 7830 rpm for 5 min at 20 ◦C. Must was analyzed for
TSS (◦ Brix) using a handheld refractometer (HRKL32, Krüss, Hamburg, Germany). Total acidity
(TA) and pH were measured with a 719 S Titrino and an additional 778 Sample Processor (Metrohm,
Hamburg, Germany). The concentration of amino acids of the juice was determined according to the
N-OPA procedure of Dukes and Butzke [32]. Briefly, this method involves derivation of α-amino acid
groups with o-phthaldialdehyde/N-acetyl-l-cysteine (OPA/NAC) reagent. Absorbance was measured
at 335 nm with an UV/VIS spectrometer (Specord 500, Analytik Jena AG, Jena, Germany). Results were
calculated as mg of isoleucine equivalent/L from a standard curve.

Analyses of organic acids (tartaric acid, malic acid, citric acid, and shikimic acid) were performed
using high performance liquid chromatography (HPLC) according to Schneider et al. [33] and modified
by Knoll et al. [34] with the following changes: Firstly, 5 µL of sample was injected into the Agilent
Technologies 1100 series liquid chromatograph equipped with a multiwave-length detector (MWD)
and analyzed using an Allure® Organic Acid column (250 mm × 4.6 mm inside diameter) (Restek
GmbH, Bad Homburg, Germany) with a Security GuardTM Cartridge C18 4 × 3 mm (Phenomenex,
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Aschaffenburg, Germany). As an eluent, distilled water was used with 0.0139% sulfuric acid and 0.5%
(v/v) ethanol. The column was operated at 46 ◦C with an eluent flow rate at 0.6 mL/min. Eluting
compounds were detected by UV absorbance at 210 nm. Organic acids are reported as single values
because samples were taken as triplicates per single FACE ring.

2.5. Bunch Structure Measures

One day prior to harvest, four (2014) and six (2015, 2016) bunches per FACE ring were collected
to examine bunch parameters for both cultivars. Bunches were sampled at the second position of
the shoot along the cane, excluding first and last shoot position. Only healthy bunches were taken
for Riesling in 2014, 2015, and 2016, and Cabernet Sauvignon in 2015 and 2016. Length, width, and
bunch weight were recorded. Afterward, bunches were destemmed to record the number of berries
and total berry weight (TBW). Berries of each bunch were classified according to their diameter with a
stainless-steel sieve column (ISO 3310-1). The column provided the following seven groups of berry
sizes: (1) <6.3 mm, (2) 6.3–8 mm, (3) 8–10 mm, (4) 10–12.5 mm, (5) 12.5–14 mm, (6) 14–16 mm, and (7)
16–18 mm. For each bunch, the berry number of each berry size was counted.

2.6. Statistical Analysis

Statistical analysis was performed with the statistical software R, version 3.6.1 [35]. Data for
all continuous numerical measures from the berry and bunch analysis were tested for each variety
(Riesling, Cabernet Sauvignon) using Bayesian generalized linear mixed model analyses (R-package
brms, version 2.10.0) [36–38] accounting for the sampling structure and pseudo replications (block,
ring) and their respective repeated measures in time (year or date). Fixed effect estimation included
treatment (aCO2, eCO2), time (year or date), and their interaction. Focusing on the estimation of
differences between treatments, time points were treated as factorial variables. For these measures,
a Gamma distribution likelihood with a log-link function was assumed, accounting for deviations from
a normal distribution, i.e., skewness, and the fact that all measures are restricted to positive values
only, while assuming the variance to increase with the mean, which is typical for ecological data [39].
Weakly informative priors were set for the intercept and effect sizes.

Each model was set up to run four Markov chains of 8000 iterations each. With a warm-up phase
of 4000 iterations, each posterior included 16,000 samples in total. Posterior predictions were used
for both treatments to estimate the difference between aCO2 and eCO2 measures for each time point.
Results included the probability (%) of the treatment effect being larger than zero by estimating the
proportion of posterior predicted differences between eCO2 and aCO2 that was greater than zero.
A significant difference, i.e., a high probability of a difference, was attested when this probability of the
treatment effect was estimated to be above 90% (positive difference) or below 10% (negative difference).
In addition, information was provided on the most probable point estimate by calculating the median
difference and the 50% posterior highest density interval (HDI) that stands for the 50% most probable
point estimates.

Count data on berry size classes were analyzed by Bayesian ordinal regression applying a
mixed effects adjacent category model with category specific effects and a probit-link function [40].
Each analysis was based on the data of sampled bunches and split into yearly data sets. Again,
controlling of sampling structure (block, ring, and bunch) was performed to estimate the treatment
effect on the berry size distribution. By using default, uninformative priors, models were run with four
chains each, with a total of 8000 iterations with 4000 warm-up iterations which were not included in the
final samples. From model results, posterior predictions were calculated to estimate probabilities for
sampling specific differences in categories between aCO2 and eCO2 single berry samples. In addition,
the median of this difference is provided. No HDI was estimated for this discrete ordinal data.

Model quality and convergence were checked by visual comparison of the posterior distributions
and the data, visual inspection of well-mixedness from trace plots of the Markov chains, and controlling
a Rhat measure of below 1.01 [41]. The length of the Markov chains guaranteed adequate multivariate
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effective sample sizes [42] for a Monte Carlo standard error of below 5% for all models [43]. The ratio
of estimated bulk and tail effective sample sizes (ESS) to the total number of samples was consistently
kept above 0.1 for all model parameters.

Limiting the model complexity by only including CO2 treatment and year effects came with the
consequence that other environmental factors, i.e., annual temperature cycle, precipitation, etc., might
be confounded within the year effect and, thus, possible interactions could not be detected. Hence,
higher residual errors are to be expected, which can cause higher uncertainties in posterior predictions.
Furthermore, with only three independent repetitions per time point (three rings per CO2 treatment),
uncertainty in HDI would also be affected; hence, we expect only consistent differences to be reliably
detected when using the proposed 90% single-sided probability threshold.

3. Results

3.1. Berry Development

In Figure 1, single berry weight during berry development is shown for both cultivars under
aCO2 and eCO2 over three consecutive seasons. In contrast to 2014, differences occurred for both
cultivars in the following years between the two CO2 treatments during berry development (Figure 1).
In 2015, Riesling showed higher single berry weights under eCO2 on the last four out of five sampling
dates (Figure 1b) and, in 2016, the date closest to harvest (Figure 1c). This last sampling date in 2016
also showed the highest overall single berry weights for Riesling with 1.7 and 2.0 g per berry for aCO2

and eCO2, respectively.
Single berry weights of Cabernet Sauvignon increased for all dates during ripening in 2015

(Figure 1e) and 2016 (Figure 1f). Cabernet Sauvignon highest single berry weights were also detected
at the end of 2016 season with 1.4 and 1.7 g for aCO2 and eCO2, respectively. The berry weight of
Cabernet Sauvignon in general was lower compared to Riesling berries over all three years. For both
cultivars, higher single berry weights under eCO2 usually occurred on sampling dates close to harvest
where differences between treatments were higher than at the beginning of veraison.

The Bayesian generalized linear mixed model analyses of the berry quality parameter single
berry weight (SBW) was attested to be affected by elevated CO2 conditions when comparing posterior
predictions of the differences between eCO2 and aCO2 for both cultivars (Figures 8 and 9). No significant
differences, i.e., 90% of the one-sided posterior predicted differences being larger (lower) than zero,
were found for the year 2014 and both cultivars. SBWs on measurement dates in 2015 and 2016
were most affected with probabilities of 78%–95% and 91%–99% for Riesling (Figure 8) and Cabernet
Sauvignon (Figure 9), respectively. The single berry weight of Cabernet Sauvignon was consistently
and significantly higher throughout both years for eCO2 compared to aCO2 (Figure 9). Riesling was
affected less consistently throughout the years. As shown in Figure 8, for both years, the estimated
SBW close to harvest date was significantly higher for eCO2 compared to aCO2 by probabilities of a
difference greater than zero of 95% (2015) and 93% (2016). For both cultivars, median differences close
to harvest were estimated to be approximately 0.2 g. In 2015 and 2016, the median difference appeared
to increase with time and, therefore, with maturity of the berries.

In accordance with the Bayesian generalized linear mixed model analyses for single berry weight,
Figure 2 shows the effect of eCO2 on single berry weight of Riesling and Cabernet Sauvignon overall
years and for single years (Figure S1, Supplementary Materials). Over all three years, eCO2 stimulated
single berry weight of Riesling by 7% (Figure 2a), due to a low response in 2014 with y = 0.9742x +

0.0921, R2 = 0.83352 (Figure S1a, Supplementary Materials). In contrast, the response in 2015 was 20%
(y = 1.2042x − 0.0748, R2 = 0.91801) and that in 2016 was 13% (y = 1.1250x − 0.0274, R2 = 0.94525) due
to eCO2 (Figure S1a, Supplementary Materials).
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harvest for Riesling (a) and Cabernet Sauvignon (b) of three independent sets of data collected in 
three different seasons 2014, 2015, and 2016. 

Figure 1. Single berry weights of Riesling (a–c) and Cabernet Sauvignon (d–f) for the two treatments
aCO2 and eCO2 and the three seasons 2014, 2015, and 2016 during berry development. Letters
indicate development stages veraison (V) and harvest (H). Mean values per treatment ± SD of the three
FACE rings.
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The Cabernet Sauvignon single berry weight response was higher for all years compared to
Riesling with a 14% increase under eCO2 (Figure 2b). Response of eCO2 in single years was 1% in 2014
(y = 1.0085x – 0.0019, R2 = 0.96297), 28% in 2015 (y = 1.2794x – 0.1173, R2 = 0.96510), and 14% in 2016
(y = 1.1381x – 0.0194, R2 = 0.9667) (Figure S1b, Supplementary Materials). Both cultivars showed the
highest eCO2 stimulation of single berry weight in 2015 and the lowest in 2014.

It is shown that, during berry development, the SFR_R ratio decreased when berry color changed
from green to yellow for Riesling (Figure 3) or green to red for Cabernet Sauvignon (Figure 4), while
total soluble solids (TSS) increased. No differences occurred for SFR_R for both cultivars and for TSS
in Cabernet Sauvignon between treatments and over the three years. Highest TSS values were found
in 2015 close to harvest for both cultivars with 19.8◦ and 20.5◦ Brix for aCO2 and eCO2 in Riesling
(Figure 3) and 19.5◦ and 20.3◦ Brix in Cabernet Sauvignon (Figure 4), respectively.
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Figure 3. Chlorophyll index (SFR_R) and sugar accumulation (TSS) in aCO2 and eCO2 Riesling berries
over the three seasons 2014 (a,d), 2015 (b,e), and 2016 (c,f). Letters indicate seasonal development
stages veraison (V) and harvest (H). Mean values per treatment ± SD of the three FACE rings.

Probabilities of the Bayesian generalized linear mixed model analyses for SFR_R and TSS were
found to be quite variable (Figures 8 and 9). Hence, the trends for slightly lower TSS in eCO2 compared
to aCO2 at the end of the season in 2015 and 2016 cannot be attested as “significantly different”. This
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was indicated by low probabilities for a positive difference—below 50% for the last sampling dates
in 2015 and 2016 (18%–38%)—across both cultivars, with Riesling a little more affected in 2016 than
Cabernet Sauvignon (Figures 8 and 9). Surprisingly, TSS probabilities for Riesling at the sampling date
closest to veraison showed a significant positive difference in 2015 (92%) and a significant negative
difference in 2016 (9%), as shown in Figure 8.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 24 
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development stages veraison (V) and harvest (H). Mean values per treatment ± SD of the three
FACE rings.

The relationship between SFR_R and TSS (◦ Brix) in Riesling (Figure 5a) and Cabernet Sauvignon
(Figure 5b) berries during ripening showed a better inverse correlation for Riesling (R2 = 0.94186) than
for Cabernet Sauvignon (R2 = 0.68841). When excluding the pre-veraison data with TSS values <7◦

Brix for Cabernet Sauvignon, the correlation increased with R2 = 0.76096. Riesling showed, in general,
higher SFR_R values at similar Brix values compared to Cabernet Sauvignon.

Total acidity (TA) and amino-acid concentration (N-OPA) during berry ripening are shown in
Figures 6 and 7, respectively. N-OPA presented the highest variation in values for both cultivars and
years. Therefore, it was not surprising that there was no distinct difference between eCO2 and aCO2

detected, and, due to the high variability within treatments, this led to less precise predictions.
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Figure 6. Total acidity degradation during berry ripening in 2014, 2015, and 2016 for Riesling (a–c)
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values per treatment ± SD of the three FACE rings.
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Figure 7. Amino acid concentration during ripening periods of the three seasons 2014, 2015, and 2016
for the two varieties Riesling (a–c) and Cabernet Sauvignon (d–f) and the two treatments aCO2 and
eCO2. Letters indicate seasonal development stages veraison (V) and harvest (H). Mean values per
treatment ± SD of the three FACE rings.

TA of Riesling showed only one significant probability at the end of 2016 sampling (91%) with a
positive difference and a higher TA under eCO2 conditions (Figure 8). Higher probabilities of Cabernet
Sauvignon for TA comparing eCO2 to aCO2 during season 2015 (84%–89%) and at the end of 2016
(78%–83%) could not be attested as “significantly different” (Figure 9).

The development of organic acids during berry ripening is shown in Table 2. The single acids did
not reveal a consistent behavior. For instance, the probability of tartaric acid (TAA) was significantly
affected by eCO2 for Riesling during earlier dates in 2015 (3%–6%), but the difference diminished later
in season (Figure 8). All TAA values (Table 2) and probabilities (Figure 8) were lower under eCO2 for
Riesling, whereas Cabernet Sauvignon TAA tended to be lower before veraison and became higher
values around harvest date in two out of three seasons (Figure 9).
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Figure 8. Posterior predicted difference (median and 50% HDI) between eCO2 and aCO2 for each
measurement date from Bayesian generalized linear mixed effects models on berry quality parameters of
Riesling. Percentages represent the probability of eCO2−aCO2 > 0. Filled symbols indicate “significant
differences”, if the probability is >90% (positive difference) or <10% (negative difference).
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Figure 9. Posterior predicted difference (median and 50% HDI) between eCO2 and aCO2 for each
measurement date from Bayesian generalized linear mixed effects models on berry quality parameters of
Cabernet Sauvignon. Percentages represent the probability of eCO2−aCO2 > 0. Filled symbols indicate
“significant differences”, if the probability is >90% (positive difference) or <10% (negative difference).
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Table 2. Concentration of organic acids during ripening period of cvs. Riesling (R) and Cabernet Sauvignon (CS) under two CO2 treatments and three seasons.

Cultivar Date Tartaric Acid (g·L−1) Malic Acid (g·L−1) Citric Acid (g·L−1) Shikimic Acid (mg·L−1)

R

2014 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2

11/08 13.86 ± 0.32 13.84 ± 0.29 19.12 ± 0.43 19.38 ± 0.42 0.28 ± 0.01 0.30 ± 0.02 15.2 ± 1.7 14.6 ± 0.8
25/08 12.17 ± 0.11 11.58 ± 0.48 12.53 ± 0.24 12.19 ± 0.25 0.21 ± 0.01 0.21 ± 0.02 26.4 ± 0.7 28.8 ± 2.0
08/09 10.67 ± 0.11 10.29 ± 0.10 6.14 ± 0.15 6.17 ± 0.16 0.17 ± 0.02 0.18 ± 0.02 33.9 ± 2.0 36.1 ± 1.3
15/09 9.91 ± 0.14 9.75 ± 0.12 4.87 ± 0.02 4.92 ± 0.12 0.18 ± 0.02 0.17 ± 0.00 34.0 ± 3.1 35.9 ± 1.2
22/09 9.31 ± 0.08 9.23 ± 0.08 3.87 ± 0.31 3.96 ± 0.16 0.17 ± 0.01 0.18 ± 0.00 34.3 ± 2.8 36.8 ± 1.8

2015

10/08 17.21 ± 0.15 15.91 ± 0.51 21.10 ± 0.34 20.53 ± 0.64 0.38 ± 0.02 0.38 ± 0.02 22.4 ± 3.2 19.3 ± 0.6
17/08 16.57 ± 0.51 15.02 ± 0.30 19.96 ± 1.22 19.48 ± 0.67 0.42 ± 0.02 0.39 ± 0.01 21.9 ± 2.3 21.8 ± 1.6
31/08 12.42 ± 0.05 11.50 ± 0.20 9.40 ± 0.09 9.43 ± 0.17 0.21 ± 0.00 0.21 ± 0.00 33.3 ± 1.2 35.0 ± 1.0
14/09 10.31 ± 0.45 10.01 ± 0.39 5.17 ± 0.37 5.97 ± 0.44 0.18 ± 0.01 0.16 ± 0.00 33.8 ± 2.7 35.3 ± 1.1
28/09 10.02 ± 0.24 9.67 ± 0.08 4.15 ± 0.26 4.61 ± 0.34 0.17 ± 0.02 0.17 ± 0.02 34.0 ± 2.5 35.6 ± 1.2

2016

22/08 14.56 ± 0.50 13.94 ± 0.10 22.11 ± 0.80 21.96 ± 0.39 0.29 ± 0.01 0.30 ± 0.01 21.7 ± 1.3 22.5 ± 0.8
05/09 10.71 ± 0.22 10.35 ± 0.11 9.07 ± 0.95 9.76 ± 0.89 0.16 ± 0.03 0.16 ± 0.01 38.3 ± 3.8 36.3 ± 1.7
19/09 8.96 ± 0.10 8.86 ± 0.04 3.96 ± 0.24 4.72 ± 0.50 0.12 ± 0.00 0.14 ± 0.01 36.7 ± 3.0 35.6 ± 0.7
04/10 8.38 ± 0.24 8.29 ± 0.10 3.07 ± 0.02 3.45 ± 0.35 0.12 ± 0.02 0.14 ± 0.01 36.6 ± 1.2 37.4 ± 1.1

Cultivar Date Tartaric Acid (g·L−1) Malic Acid (g·L−1) Citric Acid (g·L−1) Shikimic Acid (mg·L−1)

CS

2014 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2

06/08 13.45 ± 0.38 13.41 ± 0.34 24.85 ± 0.71 24.42 ± 1.26 0.49 ± 0.02 0.50 ± 0.02 27.1 ± 3.1 27.0 ± 2.0
18/08 11.37 ± 0.23 11.63 ± 0.43 20.30 ± 0.67 20.85 ± 0.72 0.36 ± 0.02 0.37 ± 0.02 44.5 ± 3.3 44.2 ± 3.8
01/09 8.68 ± 0.16 8.69 ± 0.17 10.56 ± 0.11 11.27 ± 0.92 0.25 ± 0.01 0.25 ± 0.01 62.7 ± 3.2 59.7 ± 3.4
15/09 7.42 ± 0.30 7.55 ± 0.32 6.52 ± 0.45 6.72 ± 0.29 0.20 ± 0.01 0.21 ± 0.01 79.1 ± 3.7 77.2 ± 3.8
29/09 7.20 ± 0.18 7.42 ± 0.11 4.97 ± 0.40 4.83 ± 0.24 0.20 ± 0.01 0.19 ± 0.01 86.5 ± 5.3 82.7 ± 6.4

2015

12/08 14.99 ± 0.52 14.47 ± 0.30 24.11 ± 0.70 24.96 ± 0.20 0.54 ± 0.04 0.56 ± 0.02 45.1 ± 9.1 36.6 ± 3.9
25/08 13.20 ± 0.15 12.61 ± 0.24 17.15 ± 2.25 20.13 ± 1.42 0.41 ± 0.01 0.43 ± 0.02 65.3 ± 6.8 59.6 ± 1.7
07/09 9.50 ± 0.30 9.35 ± 0.23 7.45 ± 1.05 9.17 ± 1.05 0.20 ± 0.01 0.22 ± 0.01 71.4 ± 3.5 70.2 ± 1.4
22/09 8.44 ± 0.44 8.39 ± 0.16 4.77 ± 0.58 6.08 ± 0.39 0.20 ± 0.01 0.22 ± 0.01 68.2 ± 6.5 66.4 ± 1.5
05/10 8.08 ± 0.38 8.03 ± 0.20 3.95 ± 0.34 4.97 ± 0.27 0.20 ± 0.01 0.21 ± 0.02 64.8 ± 5.6 64.0 ± 2.9

2016

29/08 9.94 ± 0.11 9.51 ± 0.16 14.17 ± 1.83 14.43 ± 1.44 0.26 ± 0.03 0.27 ± 0.03 68.1 ± 4.5 70.5 ± 2.4
12/09 8.44 ± 0.13 8.36 ± 0.07 6.97 ± 0.80 7.38 ± 0.73 0.17 ± 0.02 0.18 ± 0.01 77.1 ± 5.4 78.1 ± 3.4
26/09 7.21 ± 0.17 7.40 ± 0.16 4.72 ± 0.54 5.14 ± 0.71 0.15 ± 0.02 0.16 ± 0.01 78.0 ± 6.7 77.9 ± 4.0
10/10 7.00 ± 0.20 7.20 ± 0.04 3.96 ± 0.35 4.32 ± 0.60 0.15 ± 0.02 0.17 ± 0.02 82.2 ± 8.2 83.3 ± 7.0

Values are the mean ± SD of three FACE rings per treatment.
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Malic acid (MA) of Riesling was also significantly affected at the last two sampling dates in
2016 (91%–97%) and the second last date in 2015 (95%). Cabernet Sauvignon revealed higher MA
probabilities for three out of five sampling dates in 2015 (92%–95%). For both cultivars, higher
probability values of malic acid were estimated under eCO2 conditions for the majority of dates within
the three seasons.

Shikimic acid (SA) and partly citric acid (CA) provided no distinct differences between eCO2 and
aCO2, and, due to a high variability within treatments, these led to less precise predictions. Cabernet
Sauvignon showed a significant difference for SA before veraison in 2015. This was indicated by a low
probability (7%) for a negative difference in 2015, which disappeared by the end of season.

3.2. Bunch Structure Measures

Bunch structure parameters of second position bunches along a shoot are shown in Table 3.
Riesling showed an increase in bunch length over years for the eCO2 treatment compared to aCO2.
The highest percentage increase in relation to aCO2 treatment was found for all bunch parameters of
Riesling in 2016 with increases >80% for bunch weight and total berry weight (TBW). The percentage
increase of Cabernet Sauvignon bunch length and width under eCO2 treatment was higher in 2016
compared to 2015, when bunch weight, number of berries, and total berry weight were higher under
eCO2 conditions (Table 3).

Posterior predictions of differences between elevated and ambient CO2 conditions for
yearly measurements of five different bunch parameters (Figure 10) support inter-annual results
(Figures 8 and 9) from a slightly different angle. For 2015 and 2016 data of Cabernet Sauvignon, the
maximum probabilities found for an effect were associated with bunch weight at 89% and TBW at
90% in 2015 (Figure 10). In general, there is a trend for higher bunch weight, TBW, length, width, and
number of berries, both in Cabernet Sauvignon and Riesling, with probabilities in the range of 57% to
92%. Estimates indicate the Riesling bunch length, weight, TBW, and number of berries in 2016 to be
significantly affected with probabilities >90%–92%.

The distribution of berry sizes within second positioned bunches showed a seasonal pattern for
both cultivars. Whereas Riesling berry size group 5 (12.5–14 mm) was most frequent in 2014 and 2015,
the highest number of berries was detected for size group 6 (14–16 mm) in 2016 (Figure 11). This
was already shown by higher single berry weights of Riesling in 2016 compared to the two previous
years (Table 3). Between the treatments, no differences occurred in 2014 and 2015 for single berry size
categories. In 2016, the eCO2 treatment showed an increase of 10% for the three biggest berry size
classes (7 (16–18 mm), 6 (14–16 mm), and 5 (12.5–14 mm)). All smaller berry size classes were less
frequent under eCO2 compared to aCO2 treatment in 2016. Within Riesling, smaller berries were found
in all years, whereas bigger berries of category 7 were only present in 2016 with more than 1%.
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Table 3. Bunch structure of second positioned bunches of cvs. Riesling (R) and Cabernet Sauvignon (CS) at two CO2 levels (aCO2 and eCO2) one day prior harvest
date in 2014, 2015, and 2016. Percentages show the changes of eCO2 related to aCO2 treatment.

Cultivar Year Length (cm) Width (cm) Bunch Weight (g) No of Berries Total Berry Weight (g)

R

aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2

2014 9.92 ± 0.19 10.46 ± 0.31 6.29 ± 0.95 7.17 ± 0.89 108.14 ± 5.90 151.88 ± 9.11 85.9 ± 8.20 112.7 ± 1.8 100.26 ± 15.36 138.77 ± 7.24
% +5.4 +14.0 +40.4 +31.2 +38.4

2015 10.56 ± 0.24 12.19 ± 0.82 6.69 ± 0.65 7.08 ± 0.22 143.67 ± 7.35 158.40 ± 28.82 113.6 ± 9.5 122.1 ± 18.4 125.18 ± 6.47 137.86 ± 25.29
% +15.4 +5.8 +10.3 +7.5 +10.1

2016 9.67 ± 0.22 13.06 ± 0.97 6.00 ± 0.22 7.33 ± 0.51 130.07 ± 13.09 237.98 ± 16.46 97.2 ± 10.8 156.3 ± 3.1 121.06 ± 12.95 222.02 ± 15.90
% +35.1 +22.2 +83.0 +60.8 +83.4

CS
2015 15.58 ± 0.46 16.50 ± 0.36 6.81 ± 1.00 7.47 ± 0.39 136.81 ± 20.38 219.00 ± 3.97 110.9 ± 9.2 154.4 ± 3.9 127.79 ± 19.75 205.48 ± 4.22

% +5.9 +9.7 +60.1 +39.2 +60.8
2016 14.31 ± 0.17 15.64 ± 0.21 6.86 ± 0.24 8.08 ± 0.66 164.04 ± 10.95 212.15 ± 11.11 102.1 ± 4.9 128.9 ± 4.6 153.95 ± 9.12 200.40 ± 10.68

% +9.3 +17.8 +29.3 +26.2 +30.2

Values are the mean ± SD of three FACE rings per treatment.
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Figure 10. Posterior predicted difference (median and 50% HDI) between eCO2 and aCO2 for each
measurement year from Bayesian generalized linear mixed effects models on bunch parameters of
Riesling and Cabernet Sauvignon. Percentages represent the probability of eCO2-aCO2 > 0. Filled
symbols indicate “significant differences”, if the probability is >90% (positive difference) or <10%
(negative difference).

The most frequent berry size for Cabernet Sauvignon in 2015 was category 4 (10–12.5 mm) for
aCO2 and category 5 for eCO2 treatment. On average, 9.2% more berries were counted in size category
6 under eCO2 in 2015. In 2016, the most frequent berry size was category 5 for both CO2 treatments.
Smaller berries of category 1 and 2 were less than 1% in Cabernet Sauvignon for both years.

The statistical analysis on berry size classes showed no distinct differences between eCO2 and
aCO2 for both Riesling and Cabernet Sauvignon within a year (Figure 12). For example, the most
probable difference, estimated by the 16,000 posterior predictions of berry size category distances,
was associated with “no difference” (zero). This coincided with the median difference for all five
analyses. While the distribution for Riesling showed no visual skewness, for Cabernet Sauvignon,
especially in 2015, there was a tendency for positive differences being slightly more probable than
negative differences. That is, the sum of probabilities for eCO2 berries being categorized as larger with
42% was twice as high as that for being categorized as smaller with 20% (Table S1, Supplementary
Materials). For Riesling, all three years showed more or less the same results. As mentioned before,
the highest probability comparing one randomly picked berry from each treatment, eCO2 and aCO2,
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was estimated for “no difference” at probabilities in the range of 25%–27%. Probabilities for being one
category apart, positive or negative, were in a similar range of 15%–19% across the years.Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 24 
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Figure 11. Proportion per bunch of Riesling berry size groups for aCO2 and eCO2 in 2014 (a), 2015
(b), and 2016 (c) and Cabernet Sauvignon in 2015 (d) and 2016 (e). Berry size categories represent the
following berry size classes: 1 (<6.3 mm), 2 (6.3–8 mm), 3 (8–10 mm), 4 (10–12.5 mm), 5 (12.5–14 mm),
6 (14–16 mm), and 7 (16–18 mm). Mean values per treatment ± SD of the three FACE rings.
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4. Discussion

4.1. Berry Development

Berry development of grapevines plays an important role in the formation of fruit quality
parameters that are substantial for efficient wine making and the following wine profile. According to
previous work, vines exposed to eCO2 conditions predominantly affect total soluble solid accumulation
and acid degradation [2,5,7,11]. These two main components are well known to be sensitive to
several abiotic factors such as soil, temperature, precipitation, or sunlight [44–49], which all count as
climate-driven relevant markers. Nevertheless, all studies conducted on field-grown grapevines under
eCO2 conditions embraced that there is no positive or negative repercussion of eCO2 on grape or wine
quality [2,3,7]. On the other hand, eCO2 was shown to affect grapevine vigor and growth, especially
bunch and berry weight or berry number [3,6,9], and it could, therefore, lead to quality changes by
altered berry sizes [14–21].

Single berry weight was significantly affected for both cultivars by eCO2 in 2015 and 2016, even
though Riesling showed a clear response at full maturity in 2016. As published in a previous paper
due to the onset of the experiment [9], the 2014 season did not yet show differences between CO2

treatments in terms of yield, and this can be confirmed in the present study for single berry weight
during berry development. That CO2 enrichment started in 2014 and generative growth is attributed
to i.a. inflorescence initiation in the season prior, the lack in CO2 effect was already linked to that [9].
Nevertheless, the relation of single berry weight between aCO2 and eCO2 showed an overall eCO2

response of a 7% gain of berry weight for Riesling and a 14% gain for Cabernet Sauvignon over all
three years. This result was in agreement with previous field studies of Moutinho-Pereira et al. [3] and
Bindi et al. [6] who reported an increased cluster weight and an increased 100-berry weight for two
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different red cultivars under eCO2. In addition, fruit weight, volume, and diameter of pear, as another
example of a perennial crop, were also found to be enhanced under eCO2 [22,23].

Regarding the berry composition during ripening over the three years, both cultivars, Riesling
and Cabernet Sauvignon, did not differ in TSS between the two treatments. Even though values for
TSS during berry development were predominantly lower under eCO2 and both cultivars, there was
no significant difference detected except for one sampling date in 2015 and 2016 for Riesling, showing
higher and lower TSS, respectively, at the beginning of berry development. The sugar content of must
at harvest date is not influenced by eCO2 [2,7,9]; however, due to higher net assimilation and yield
under eCO2, an average of 7% and 10% increases in sugar yield occurred for Riesling and Cabernet
Sauvignon, respectively [9]. Interestingly, Bindi et al. [7] demonstrated that TSS of Sangiovese was
stimulated by eCO2 during ripening, but the positive effect disappeared when grapes reached maturity.
Gonçalves et al. [2] also confirmed this for Touriga Franca, whereas only Edwards et al. [5] indicated
that eCO2 resulted in a higher TSS accumulation for Shiraz at harvest. Berries of both cultivars reached
a higher sugar concentration for both treatments at maturity in 2015 compared to the other seasons.
This disparity could be due to the climatic condition in the 2015 growing season with the highest
number of heat days allowing higher sugar accumulation.

In addition to the investigation of TSS accumulation during berry development under eCO2

treatment, we confirmed that the spectroscopic index SFR_R as a chlorophyll index is a good
representative of TSS (◦ Brix) for both white (R) and red (CS) grape cultivars. This was reported earlier
for red cultivars Cabernet Sauvignon, Merlot, and Pinot or white cv. Vermentino under Mediterranean
climate [30,31]. This gives an additional opportunity of rapid and indirect determination of sugar
content during berry ripening in addition to refractometry.

In terms of a changing climate, the combination of increased malic acid and a similar sugar
content of Cabernet Sauvignon berries under eCO2 as pronounced in the 2015 season is not affiliated
with a degradation of quality. This is especially true for the ongoing process of vinification and
microbiological stability. In fact, this leads to a positive output of eCO2 when no manipulation within
the vine’s canopy is conducted as performed in the present study. Even though vigor, yield, or bunch
compactness of grapevines increased under eCO2 in previous studies, there was no effect on Botrytis
cinerea incidence or frequency [3,6–9]. Riesling was more sensitive to degradation of acidity during
berry development, showing significantly lower levels of tartaric acid or significantly higher values of
malic acid depending on the growing season. Noticeable for Riesling as a white cool climate cultivar is
the fact that tartaric acid under eCO2 was less during the beginning of berry development in 2015,
when temperatures were highest and precipitation lowest in comparison to the 2014 and 2016 seasons.
The differences of 227 mm of precipitation during vegetation in 2015 compared to 441 and 371 mm
for 2014 and 2016, respectively, in combination with the number of days >30 ◦C, reflect the combined
effect of eCO2 with other climatic parameters. This was shown in a previous study when the impact
strength of eCO2 on vegetative growth of Riesling was associated with annual climatic variation [9].
Getting closer to the harvest date of Riesling in 2015, the differences in tartaric acid concentration
between the two treatments disappeared. Moreover, with continuing berry maturation of Riesling and
simultaneous differentiation in single berry weight, malic acid degradation was lowered under eCO2

at the end of 2015 and 2016. This resulted in significantly higher malic acid concentration combined
with higher single berry weights under eCO2 at harvest, as shown for Cabernet Sauvignon in 2015.
Trials on red cultivars under eCO2 regime reported that either no difference in acid concentration
was detected at berry maturity [7] or an increase in total acidity was found, without differences in
malic and tartaric acid [2]. So far, on white cultivars, only greenhouse experiments were conducted,
showing that there was no eCO2 effect on malic or tartaric acid at berry maturity [12,13]. Interestingly,
a previous study on Riesling berry size [19] demonstrated that an increase in berry size was associated
with increased malic acid concentration, which could account for a direct eCO2 effect on berry size, and
this in turn resulted in an enhancement of malic acid under eCO2. A similar achievement was made for
Cabernet Sauvignon, resulting in higher malic acid and lower total acid concentration with increasing
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berry size classes [20]. The decelerated malic acid degradation under eCO2 could also be merged to an
altered microclimate within the bunch zone due to higher vigor, which was shown by various authors
vice versa studying fruit zone defoliation trials on berry composition [50–52] or different temperature
regimes within the bunch zone [53–55].

Shikimic acid (SA), citric acid (CA), and N-OPA provided no distinct differences between eCO2

and aCO2 treatment for either cultivar. This can be associated with higher variabilities between
measurements, especially within N-OPA values, which led to less precise predictions. Therefore,
no positive or negative impact of eCO2 on fruit quality during berry development could be detected.

4.2. Bunch Structure Measures

The response of eCO2 on bunch structure and the proportion of berry size groups showed
differences between the two cultivars, Riesling and Cabernet Sauvignon. For example, bunch length
was larger for Cabernet Sauvignon than for Riesling, whereas Riesling was more spread over all seven
berry size classes compared to Cabernet Sauvignon. Differences between the three seasons were also
detected, but less for the CO2 treatment, even though all bunch parameters showed higher values
under eCO2 treatment for both cultivars. The higher single berry weight detected for both cultivars in
2015 and 2016 was not approved in proportion of berry size groups. Riesling showed the weakest CO2

response for all bunch structure parameters in 2015, the warmest of all three seasons, compared to 2014
and 2016. In 2016, Riesling showed a significant increase in bunch length and weight, berry number,
and total berry weight under eCO2. The higher bunch length for eCO2 in 2016 could be due to more
berries per bunch, which led to an elongation of the bunch to preserve a similar bunch density. Contrary
to Riesling, Cabernet Sauvignon did not show stronger responses under eCO2 for berry parameters,
particularly in berry and bunch weight, as well as berry number in 2015. Greer and Weston [56] already
reported these differences in cultivar responses to climatic factors, especially for temperature. Overall,
it was previously shown that the bunch compactness of Cabernet Sauvignon increased under eCO2

whereas Riesling did not show differences between the two treatments [9]. As an additionally positive
result from that previous study, no differences in incidence or frequency of B. cinerea were detected for
both cultivars and the three years under eCO2, even though bunch compactness is known to relate to
susceptibility to grapevine diseases [57] and to B. cinerea in particular [58–61].

Regarding the proportion of the different berry size groups Riesling showed the highest proportion
for berry size groups 5 (12.5–14 mm) and 6 (14–16 mm), which was in accordance with previous
literature [19]. In contrast, Cabernet Sauvignon berries were almost entirely in classes 4 (10–12.5 mm),
5 and 6. As a consequence of this, the Riesling distribution was more spread out over all berry size
classes compared to the Cabernet Sauvignon, indicating a higher intrinsic berry size variability for this
variety that was—based on this early dataset—not significantly affected by elevated CO2 conditions.

Overall, with no differences in 2014 and an increase in probable differences in the following years,
it is reasonable to assume that, in grapevines, there is some kind of adaptation period to elevated CO2

conditions. Hence, this dataset of three years allows a first glimpse of what we might expect in possible
changing climatic conditions in the future.

5. Conclusions

The present study provides evidence that eCO2 did alter some bunch and berry parameters without
causing any negative effects on fruit quality during berry development and structure of bunches.

During berry development, eCO2 resulted in higher single berry weight and malic acid for both
cultivars in two seasons and lower tartaric acid for Riesling in one season. Effects were evident from
the second season of investigations after CO2 enrichment was applied. So far, no substantial differences
were detected for total soluble solids or for citric, shikimic, and amino acid concentration.

As vinification from smaller berries supposedly results in higher quality wines due to a higher
concentration of compounds located in the grape skin such as flavonols or anthocyanins [14], it is
advisable to investigate if the higher single berry weights derived from eCO2 treatment might
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have a negative effect on the amount of grape skin compounds in both cultivars. Additionally, the
variation in berry size among Riesling clones is reported not to be responsible for different levels of
C13-norisoprenoid aroma compounds like 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) [21], well
known to produce petrol-like off-flavors in Riesling wine [62]. Therefore, it could be of interest to study
the impact of different CO2 environments on TDN concentration in Riesling.

Based on the results of this study starting from the initial adaption of perennial plants to CO2

enrichment, seasonal measurements of the berry compounds should be continued to investigate the
long-term response of the two different cultivars to elevated CO2 concentration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/7/2486/s1:
Figure S1: Regression between aCO2 and eCO2 values of single berry weight [g] for Riesling (a) and Cabernet
Sauvignon (b) of the three single datasets of the three different seasons (2014, 2015, and 2016); Table S1: Posterior
predicted probabilities for differences in berry size categories between eCO2 and aCO2 being different from zero
(P (difference < 0) and P (difference > 0)) for each year and both cultivars, Cabernet Sauvignon (CS) and Riesling
(R), from Bayesian mixed-effects adjacent category models.
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